Ion species and their ratios in nitrogen, oxygen, and argon plasmas in the plasma source ion implantation process have been determined with a simple and low-cost measurement system. The measured ion species ratio in the nitrogen plasma was used as an input parameter for the computer simulation code transport and mixing from ion irradiation to predict the atomic composition-depth profile. Comparison between the code results and data derived from Auger analysis for a nitrogen-implanted Ti-6Al-4V alloy showed good agreement. In this article, the design, performance, and possible future improvements regarding the resolution of this measurement system will be discussed.
I. INTRODUCTION
Plasma source ion implantation (PSII) is a costeffective technique for surface modification of nonplanar targets. "' In the PSI1 process, targets to be implanted are placed directly in a plasma source and then pulse biased to a high negative potential. A plasma sheath forms around the target and accelerated ions bombard the target normal to the surface.3 Unlike the conventional beam line ion implantation, the PSI1 is a nonline-of-sight process. This makes it more cost effective for metallurgical applications, which usually involve nonplanar targets. The cost effectiveness stems from two factors: .( 1) target manipulation in the vacuum chamber is not necessary to achieve uniform implantation and (2) target masking, which may be required in beam line implantation to minimize target sputtering due to nonnormal beam, is not necessary. The effectiveness of the PSI1 process in improving the wear and corrosion resistance of engineering materials, industrial components, and orthopedic applications has been demonstrated.4*5 It has also been recently used in semiconductor proceasing. 6 In PSII, two parameters that have strong influence on physical properties of implanted targets are the dose and energy of implanted ions. Accurate determination of ion species ratios is critical in predicting both the dose and energy of implanted ions. For example, if there are 25% N+ and 75% Nz in a nitrogen plasma, the average number of atoms produced per ion equals 1.75 (0.25X 1+0.75 X2= 1.75). When the target is biased at 50 kV, after implantation, each implanted N+ is converted into one nitrogen atom with 50 keV energy and each implanted N$ is converted into two nitrogen atoms with 25 keV energy. So, the knowledge of ion species and their ratios in the plasma is critical in predicting the implantation dose, atomic composition-depth profile, and eventually the effectiveness of the PSI1 process for a given application.
The ion species and their ratios in the PSI1 plasma depend on various process parameters, such as gas pressure, discharge current (or plasma density), and nature of the gas. The process by which ion species ratios change with these parameters is too complicated to be expressed as a mathematical function. Hence, the ion species and their ratios cannot be easily predicted theoretically and must be measured experimentally. Measurement of ion species ratios in plasmas has received some attention in recent years.7-1 ' But, ion species ratios in the PSI1 plasmas and the change of the ion species ratios with the PSI1 process parameters have not been studied in detail.
The ion species and their ratios in nitrogen, oxygen, and argon plasmas in the PSI1 device have been determined with a low-cost measurement system that differs from some conventional measurement systems. 7'8 In this article, the construction of the system and some measured results are described. The measured ion species ratio in the nitrogen plasma was used as an input parameter for the computer simulation transport and mixing from ion irradiation (TAMIX) to predict the atomic composition-depth protile. A nitrogen-implanted flat Ti-6Al-4V sample was analyzed with the scanning Auger microprobe (SAM) to obtain experimental data of the atomic composition-depth profile. The comparison between the theoretical prediction and data derived from Auger analysis showed good agreement. Suggestions for future improvements regarding the resolution of the system are also discussed briefly.
II. MEASUREMENT SYSTEM AND PRINCIPLE
-A schematic illustration of the measurement system is shown in Fig. 1 . The measurement device consists of the following components: the low-energy sampling ion source,12 the EXB mass separator,*3y14 the Faraday cup, and the pumping system.
A. Low energy sampling ion source
The measurement device is encapsulated in an aluminum cylinder 150 mm in diameter and 210 mm in length. The cylinder is connected to the PSI1 chamber wall and used as a part of the anode of the plasma source at ground potential. The gaseous discharge takes place between the anode and filaments of the plasma source. The plasma is produced in the space between the chamber wall and the 
where q and m are charge and mass of the ion, respectively.
B. EXB mass separator
In essence, the E X B mass separator is a velocity filter. When the extracted ion beam enters the EXB mass separator, ions are subjected to both magnetic and electric forces, simultaneously. If the two forces acting on the ion with charge q, mass m, and velocity v balance each other, I.e., qvXB=qE or vB=E,
where vl B, B is deflection magnetic field intensity produced by permanent magnets, and E is dellection electric field strength, the ion passes through the ExB mass separator directly and reaches the Faraday cup on the detecting plate without any deflection. The mass number A,, of the undeflected ions can be deduced from Eqs. ( 1) and (2) as follows: where Z, is the charge number of the undeflected ions, and E= V/d, where V is deflection voltage and d is distance between the deflection plates. From Eq. (3), it is obvious that if V, and B are constants, the mass number A0 of the undeflected ions can be considered to be a simple function of the deflection voltage. The mass dispersion (or resolution) of the E x B mass separator can be described as a separated distance, D,, in the radial,direction at the entrance of the Faraday cup for the two ions with the same charge number, the same energy, and a mass number difference of AA = 1. The separated distance can be expressed using Eq. (4), i.e.,
where L is the distance from the center of the deflection plates to the entrance of the Faraday cup and S is the length of the deflection plates. D, is 4.6 mm for N4. Compared to the diameter (2.97 mm) of the entrance of the Faraday cup, the value of D, is big enough to separate N+ and N$. As mentioned above, the mass number A0 of the ion that is undeflected passing through the ExB mass separator depends on the ratio (B/E), but from Eq. (4), it is clear that resolution depends on absolute values of B and E. The resolution D, should be large enough to ensure that the two ions with mass number A0 and A,+ 1 (or Ac-1) will not overlap each other on the entrance of the Faraday cup.
C. The Faraday cup
The diameter of the entrance hole of the Faraday cup is 2.97 mm. The distance from the middle of the deflection plates to the entrance of the Faraday cup is 100 mm. The Faraday cup receives undeflected ions and sends the signal to a measurement system.
D. Pumping system
The dynamic gas pressure in the PSI1 chamber ranges from 1 X 10m4 to 9 X 10m4 Torr. In order to reduce an ionneutral particle (such as a residual gas molecule) interaction in the ion extraction region and the ion drift spaces, lower gas pressure must be maintained inside the measurement system. The current differential pumping between the PSI1 chamber and the inside of the measurement system is performed by means of the turbomolecular pumping system of the PSI1 device. As a result, gas pressure of less than 8X 10H5 Torr is consistently maintained inside the measurement system. This pressure is acceptable for nitrogen and oxygen plasmas because the charge exchange meanfree path ranges from 300 to 600 cm for 100-400 eV ions, which leads to 3% to 6%-ion loss before reaching the Faraday cup. For methane plasma, one needs lower pressure. A future plan for the modification of this device includes a new pumping system that would ensure a sufficiently low pressure. The details of the modification and error estimation has been left to a future article. 
Ill. ION SPECIES MEASUREMENT AND ANALYSIS
The measurement of ion species and their ratios in nitrogen, oxygen, and argon plasmas were performed with the measurement system in the range of the PSI1 operating parameters. The gas pressure was varied from 8.0 X 10B5 to 8.0X 10U4 Torr while the discharge current was varied from 20 to 80 mA.
A. Ion mass spectrum in nitrogen plasma V, and Id=30 mA. It is noted that the NC percentage increases with gas pressure, reaches the maximum, and then decreases slowly with gas pressure. We also measured the total extracted ion beam current as a function of gas pressure under the following conditions: Vd= 100 V, Vg= -80 V, V,= -380 V, and I,=60 mA. The measured result shows that the total extracted ion beam current is the maximum at approximately 4.5 x 1O-4 Torr.
At lower gas pressures, the mean electron temperature is higher than at higher gas pressures,15 therefore N$ formation is dominant. As a result, N$ percentage is much higher than N+ percentage in this case. When the total extracted ion beam current reaches the maximum, Fig. 3 shows that N2f percentage also reaches its maximum at approximately 4.5 X 10e4 Torr. Because gas pressure is not changed substantially, ion species ratio is minimally changed. Figure 4 shows the ion species ratios measured in a nitrogen plasma as a function of discharge current Id under the following conditions: V,= 120 V, V,= -80 V, V, = -410 V, and p=2.OX 10e4 Torr. It is obvious that the N2f percentage decreases and the N+ percentage increases gradually with discharge current.
Increasing filament heating current (keeping gas pressure constant) results in the increase of the amount of primary electrons emitted by filaments, resulting in the increase of discharge current. As a result, discharge intensity is also increased. So, the probability of N+ formation increases much faster than the probability of N$ formation. Therefore, the N+ percentage increases while the N$ percentage decreases with discharge current.
6. ion mass spectra in oxygen and argon plasmas Table I lists ion species ratios and their corresponding deflection electric field strength E measured in nitrogen, oxygen, and argon plasmas under the following PSI1 conditions: V,=120 V, V,=-80 V, V,= -410 V, P=1.5 X low4 Torr, and Id=30 mA.
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TABLE I. Ion species ratios and corresponding deflection electric field strength E in nitrogen oxygen and argon plasmas under the following conditions: V,= 120 V, V,= -80 V, 
IV. ACCURACY ESTIMATION OF THE MEASURED ION SPECIES RATIO
The ion species ratio has strong influence on the atomic composition-depth profile of the implanted target. Figure 5 shows the atomic concentration-depth profiles of the nitrogen-implanted Ti-6AL4V target using the computer code TAMIX with different ion species ratios as the input parameter.r6 It is clear that the profile varies with the changing ion species ratio. In order to estimate the accuracy of the measured ion species ratios, a flat Ti-6A1-4V sample was implanted with nitrogen at a target bias of 50 kV and a dose of 3X 10" atoms/cm'. An experimental analysis of the atomic composition-depth profile was performed using scanning Auger microprobe (SAM).
When the ions are accelerated under the influence of the electric field inside the sheath surrounding the target, the energy distribution of the ions reaching the surface of the target depends upon the mass of the ions and the position of the ions inside the sheath. In the PSI1 process, the pulse applied to the target has a certain rise and fall time and the plasma contains different ions species. The range of the ions implanted into the target is a complex function of energy distribution and mass of the incident ion and the target atoms. TAMIX calculations were performed considering the energy spectrum due to PSI1 pulse bias and with various ion species ratios of nitrogen plasma (N+ and Nz). Figure 5 shows three curves of nitrogen atomic concentration-depth profiles with different ion species ratios. In a plasma where N+ ions are absent, the peak of the nitrogen percentage is very high in the implanted sample but the range is small as compared to a plasma with 50% NC and N$~ ions. The atomic concentration-depth profile with 25% Nf and 75% Nzf shown in Fig. 5 has been compared with SAM data in Fig. 6 . The SAM analysis for experimental determination of atomic composition-depth profile was performed at seven locations within a 1 cm2 area on the implanted sample. The atomic composition-depth profiles were generated using an Augers electron microprobe equipped with an argon ion gun at a voltage of 3 kV to incrementally sputter atoms from the sample surface. In the present analysis, an internal calibration technique was used to overcome the problem associated with the overlap of nitrogen and titanium peaks at an energy of 385 eV." In order to convert the sputtering time to depth, for each sputtering interval, the measured composition-depth ratios were calculated by multiplying the theoretical sputter yield and the interval between compositional measurements, Finally, the depth ratios were normalized to the final depth of the sputtered crater (as measured with an alphastep profilometer). Seven SAM concentration-depth profiles were obtained from a small area (0.7~ 1.3 mm) of one sample with separate scan. The dose over this small area was assumed to be uniform and the error in the repeated measurement was found to be 10% in terms of the total dose. The SAM results of nitrogen atomic concentration-depth profiles are shown in Fig. 6 . A computer generated fit on the data has been plotted and a TAMIX simulation for 25% N+ and 75% Nz has been superimposed. The TAMIX computer simulation and Auger experimental data are in good agreement, which verifies the ions species ratio measured by the present measurement device. From the agreement, it is seen that experimental atomic composition versus depth profiles can be predicted much more accurately with the help of measurement of ion species and their ratios in PSI1 plasmas. Resolution is a very important parameter of the EXB mass separator. Many factors influence the resolution and also give rise to peak broadening and measurement errors in the mass spectrum. Table II lists the separated distance calculated from Eqs. (2) and (3) for a number of ion pairs in the radial direction at the entrance of the Faraday cup. A comparison between the separated distance and the diameter of the Faraday cup of 2.97 mm shows that the current measurement system is suitable for measurement of ion species in nitrogen, oxygen, and argon plasmas, but it can not distinguish different ion species in a methane plasma. From Eq. (4), it is obvious that an increase of deflection electric field strength E and magnetic field intensity B in appropriate proportion will improve the resolution substantially. Therefore, permanent magnets with stronger magnetic field intensity must be used. In order to improve the resolution, geometrical parameters L and S should also be increased appropriately.
Other factors can also give rise to peak broadening and measurement errors in the mass spectrum. As mentioned above, if a lower gas pressure is maintained inside the measurement system, extracted ion beam scattering will be reduced, resulting in improvement of peak broadening. As a consequence, an independent pumping system for the present measurement system would be desirable. In general, an extracted ion beam is more or less divergent. Ion beam divergence results in peak broadening. A focusing lens or collimator can improve the peak broadening problem substantially. Manufacturing and alignment errors, dispersion of the deflection magnetic field, instability of power supply can also result in peak broadening and measurement errors and should be improved as much as possible.
From the agreement between the TAMIX computer simulation and SAM experimental data and the analysis and discussion mentioned above, it is enough to prove that this kind of the measurement system can be used in principle for measuring ion species ratios in the PSI1 device. An independent pumping system and permanent magnets with stronger magnetic field intensity will ensure higher resolution to measure ion species in all PSI1 plasmas.
